The deposition of surficial sediments many centimeters below the sediment-water interface due to the reworking activities of organisms is a potentially important but easily overlooked process in marine sediments. This kind of downward particle transport is difficult to observe in the laboratory or in the field but it has important consequences for bioturbation rates and sediment geochemistry. It is also much more likely to be size dependent than other sediment-mixing mechanisms, such as conveyor-belt feeding, and may also explain some subsurface maxima observed in sediment chemical profiles.
Introduction
Understanding about deposit-feeding and bioturbation mechanisms has been shaped by laboratory studies of deposit-feeding species that defecate at the sediment surface, where egested particles can be conveniently seen, collected and measured. Many deposit-feeding species transport surficial material several centimeters below the sediment surface, however, where it cannot be easily observed or quantified. For example, cirratulid polychaetes, often the most abundant macrofaunal taxon in deep-sea (Jumars and Gallagher, 1983 ) and some nearshore benthic communities (George, 1964b) , are surface deposit feeders that have been observed to defecate sediment at depth within their burrows (George, 1964a; Myers, 1977) . Terms used to describe this process include particle subduction, reverse conveyor-belt feeding, sediment caching, hoeing, and nonlocal mixing. For simplicity, we will refer to it as downward transport.
Downward transport of particles within sediments has been observed in many areas of the ocean including intertidal and subtidal sediments and the deep sea (Dobbs and Whitlatch, 1982; Smith, 1992; Shull, 2000) . It has been attributed to the activities of many different kinds of benthic animals. Downward transport may explain subsurface peaks in sediment tracer profiles (Smith and Schafer, 1984; Smith, J. N. et al., 1986; Legeleux et al., 1994; Wheatcroft et al., 1994; Pope et al., 1996) and it may play an important role in the burial and diagenesis of organic carbon (Emerson et al., 1985; Graf, 1989; Blair et al., 1996; . Furthermore, Dobbs (1981) and proposed that species that mix sediment in this manner might play a keystone role in organizing soft-bottom benthic communities. Because organisms collecting particles at the sediment surface are often highly selective (Whitlatch, 1980; Jumars et al., 1982; Self and Jumars, 1988) , downward transport rates are likely to vary with particle characteristics such as size (Wheatcroft, 1992) or age (Smith et al., 1993) .
However, this process is difficult to quantify. Although researchers have identified the downward transport of particles by deposit feeders in the laboratory by using colored or x-ray-dense tracers (e.g: Dobbs and Whitlatch, 1982; Starczak et al., 1996) , it is difficult to determine particle transport rates when sediment is egested below the sediment surface.
In order to quantitatively link the downward transport of sediment with the reworking activities of organisms, we have used a transition-matrix particle-mixing model (Shull, 2001) to examine particle transport processes at a site in Boston Harbor inhabited by a surface deposit-feeding cirratulid polychaete, Cirriformia grandis (Verrill), which transports sediment in this manner. The particle transport directions and particle-size selective feeding of this polychaete were observed in the laboratory. We then used the transitionmatrix model to predict the mixing rates and pathways of particle tracers in the field and the vertical distributions of assorted size classes of tracer particles deployed at the sediment surface in Boston Harbor. We tested the model predictions by comparing the predicted profiles to profiles measured at the same site.
Methods

a. Laboratory studies
Feeding and burrowing mechanisms of Cirriformia grandis were investigated in the laboratory. Divers collected three large (14.5 cm inner diameter, 60 cm long) cylindrical butyrate cores at a site near the center of Boston Harbor, ). The cores were returned to the laboratory and maintained at 2 o C. After one day of acclimation, 150 ml of 105-to 150-m diameter glass beads (Jaygo, Inc.) were added to the sediment surface in each core. We observed the feeding mechanisms of C. grandis individuals that had constructed burrows along the clear sides of the cores. After a few weeks of observation, the water in the cores was drained. When the cores had dried, they were vertically sectioned at 1-cm intervals and the distribution of glass beads in the cores was noted.
A second laboratory experiment investigated size-selective deposit feeding by C. grandis. Again, large-diameter cores were collected at the study site and returned to the laboratory. After the acclimation period, 80 ml of glass beads mixed with 0.2 to 0.3 g Tetramin TM fish food were added to the surface of the sediment in the cores. In two of the cores a range of bead sizes, from 1 to 250 m in diameter, were added to the sediment surface from a beaker as a slurry. After the beads were deposited, samples of them were collected from the same region of the sediment surface where C. grandis feeding appendages were visible using a pipette. The collected beads were saved for later measurement. Animals were allowed to feed on the sediment and bead mixtures for 2 h. Then, the cores were sieved over 2-mm mesh and the retained C. grandis were fixed in 20% formalin. Samples were later transferred to 70% ethanol.
Random subsamples of the pipetted surface bead mixtures were created by settling the mixtures onto glass microscope slides following the procedures of Laws (1983) . Samples were poured into a 1000-ml beaker filled with distilled water, mixed vigorously, and then allowed to settle for 12 h. Water was siphoned off and slides were dried with a heat lamp. This procedure produces randomly strewn slides (Moore, 1973; Laws, 1983) . The beads were then measured using a compound microscope fitted with an ocular micrometer. Digestive tracts of C. grandis collected from the cores were carefully dissected after washing the animals in distilled water. The anterior 2 cm of digestive tracts from three individuals were combined and dissolved in aqua regia. The dissolved samples were evaporated to dryness, re-hydrated with dilute HCl, and the gut contents were then deposited onto microscope slides by the settling technique. The size distribution of glass beads was determined by counting and measuring the beads at 125 x.
b. Field experiments
Field experiments were conducted at the same study site. The purpose was to test the particle-mixing model by deploying glass beads of assorted sizes and then following the vertical redistribution of those beads in the sediment. On July 15, 1997, divers deployed mixtures of glass beads with diameters ranging from 1 to 250 m (Jaygo Inc., specific gravity ϭ 2.4) at the study site in Boston Harbor. The beads were spread within 60-by 60-cm experimental plots.
The beads were deployed in a slurry of chilled seawater by inverting a 450-ml jar, filled with beads and covered at the mouth by 0.5-mm mesh, over each plot. After approximately one hour, divers collected samples from each plot using 5.5-cm diameter butyrate cores.
Two core samples were collected from each plot. One core was collected to enumerate benthic infauna. The second core was collected to determine the vertical distribution of glass beads.
Cores were returned to the laboratory and the faunal cores were immediately sectioned at 1, 5, and 10 cm. Sections were immediately fixed in 10% buffered formalin. Later, they were transferred to 70% ethanol using a 250-m-mesh sieve. All organisms from each depth interval were sorted and identified to the lowest feasible taxon.
Glass-bead cores were cut into 0.5-cm thick sections to 4 cm, 1-cm thick sections to 10 cm, 2-cm thick sections to 16 cm, and at 20 cm. During sectioning, approximately 3 to 5 mm of sediment around the perimeter of each section was trimmed to prevent contamination due to potential smearing of sediment and beads along the inner core wall. The remaining sample from each section was placed into a pre-weighed plastic jar. The sections were weighed wet, dried at 70 o C for 24 hours, and re-weighed to determine sediment porosity. Dried sediment samples containing the glass beads were chemically treated to facilitate counting. Large aggregates were gently broken up using a mortar and pestle. The samples were then wetted, 30% hydrogen peroxide was added, and the samples were heated in a 60 o C oven. Samples were then sonicated for 5 min. Samples were then heated in 8N HNO 3 , followed by further sonication. This treatment destroyed pellets, tubes, and other aggregates, and oxidized much of the organic matter in the samples. Pretests demonstrated that these procedures had no effect on the glass beads. Samples were then wet sieved through 63-m mesh. The Ͻ63-m fraction was collected in a 1000-ml graduated cylinder. The fraction retained on the sieve was transferred to filter paper and dried at 60 o C. The dried samples were then sieved for 15 min using nested sieves and a RO-TAP shaker into 125-250-, 63-125-, and Ͻ63-m fractions. Material in the Ͻ 63-m size fraction was combined with material in the 1000-ml graduated cylinder. Glass beads in the Ͼ 125-m fraction were counted at 25 or 40x magnification (depending upon bead density) under a dissecting microscope. Glass beads in the 63-to 125-m fraction were subsampled by quartering on a glass plate. Subsamples were then counted at 40x under the dissecting microscope. Glass beads in the finest size fractions were subsampled by drawing aliquots from the 1000-ml graduated cylinder. The subsample size ranged from 20 to 80 l, depending upon the volume of sediment in the cylinder. The subsamples were deposited directly into a pool of distilled water on top of glass cover slips to make a final volume of 150 l. Cover slips were dried using a heat lamp and then placed sample-side down onto glass slides containing a mixture of ethanol and glycerin. Gas bubbles were driven out of the mixture by heating the slides on a hotplate. All beads on each slide were counted at 125 or 250x with the aid of an ocular grid and measured with an ocular micrometer. Beads with diameters as small as 16 m were easily distinguished from bubbles and other spherical objects in the preparations.
Cores for infauna and glass beads were collected again after 99 d. Samples for infauna were sectioned at 0.5-cm intervals to 1 cm, 1-cm intervals to 10 cm and 2-cm intervals to the bottom of the core. Samples were then fixed and counted as previously described. Three glass-bead cores were processed, counted and measured in the same manner as the initial glass-bead core. On this same sampling date, three large-diameter cores (14.5 cm diameter, 60 cm long) were collected at the study site. These cores were returned to the laboratory and imaged using a CT scanner (Omni 4001) to determine the vertical distribution of the large organisms. The CT-scanner imaged 0.8-cm thick horizontal 'slices' of each core. The number of C. grandis burrows visible in each slice were counted. The vertical distribution of burrows was fitted to a cumulative normal distribution by nonlinear least-squares regression (Levenberg-Marquardt method) to determine the mean and variance in the burrow depth distributions.
After imaging each core by CT-scanning, the cores were wet sieved through 1-mm mesh using filtered seawater. Retained animals were fixed in 10% buffered formalin. After transferring the samples to 70% ethanol using a 1-mm mesh sieve, the large organisms were sorted from the samples with the aid of a hand lens. These organisms were counted, identified to species, and their body weights were determined after drying at 70 o C. Also on the final sampling date, a core was collected and analyzed for organic carbon and sediment porosity. Organic-carbon content of dried and powdered sediment samples was determined using a Perkin-Elmer model 2400 CHN elemental analyzer. Prior to combustion, inorganic carbon was eliminated by adding 1M HCl to each sample according to the wet acidification procedure of Hedges and Stern (1984) . The organic-matter content of the sediment (used in Cammen's [1980] ingestion-rate model) was estimated as twice the organic-carbon content (Christman and Gjessing, 1983) .
c. Statistical methods
Analytical errors for the glass-bead counts included counting error and subsampling error. The counting error for the two largest size classes was determined by counting five samples containing different numbers of beads. Each of these samples was counted five times to determine the counting error as a function of sample size. For the two smaller size classes, seven slides were counted. Each slide was counted five times.
Subsampling error for the largest size fraction was not calculated because that size fraction was not subsampled before counting. Subsampling errors for each of the samples of the smaller size fractions were determined by counting a minimum of five replicate subsamples.
Effects of feeding by C. grandis on glass bead profiles were examined in two ways. First, results of the laboratory feeding experiment were used to determine the order of relative preference of C. grandis for different-sized beads. The order of preference found in the laboratory study was used when testing the hypothesis that tracer-bead mixing in the field was size dependent. The hypothesis of no differences in mixing rate among bead size classes versus the alternative of ordered mixing rates (with respect to the order of bead preference of C. grandis) was tested using Page's L test of ordered alternatives (Hollander and Wolfe, 1973 ). Page's L test is a distribution-free test based on rank sums. For this test, we compared mixing rates for different size classes of beads using the weighted-mean depth of tracers in each sample as a measure of mixing rate. The second manner of determining the effects of C. grandis on tracer profiles was to visually compare the measured profiles with profiles predicted by a transition-matrix model that simulated C. grandis feeding and burrowing mechanisms.
Transition-matrix model of particle-selective downward transport by Cirriformia grandis a. Model formulation
Although a variety of processes can result in downward transport of tracers, this model includes just three: the feeding activities of C. grandis, burrow construction by this species, and the filling of small burrows at the sediment surface. The model simulates the collection of particles near the sediment surface and the deposition of those particles at depth. It also simulates the creation of burrows that provide space at depth to accommodate the particles transported from the surface.
Development follows the transition-matrix model of Shull (2001) . Previous models that quantified bioturbation rates using matrices have been presented by Jumars et al. (1981) , Foster (1985) , Boudreau (1997) and Trauth (1998) . The five depth boxes in Figure 1a represent stratigraphic layers in the sediment of thickness ⌬x. The burial state represents permanent removal of tracer from the mixed layer. The arrows represent particle (or tracer) trajectories. The rates of movement among states are determined by transition probabilities. The transition probabilities are equivalent to the fraction of tracer moved from one box to another in one time step. For example, f 14 represents the fraction of tracer in box 1 (at the sediment surface) moved to box 4 by downward mixing. The burrow construction terms, b 45 and b 43 represent the construction of burrows large enough to accommodate the incoming sediment. The advection terms, a i , represent the downward movement of a tracer in the sediment column due to sedimentation from the water column and deposition or collection of particles by organisms. Finally, s i represents the fraction of tracer in each box that does not move to another box. These processes are quantified by use of a transition matrix, P (Fig. 1b) . This formulation allows particles to be deposited at depth due to the feeding of C. grandis, with the accompanied transport of sediment to create burrow space to accommodate the deposited material.
The transport probabilities in the matrix P are directly related to the feeding and burrowing activities of C. grandis. Let r i be the rate (mg particle time
Ϫ1
) at which C. grandis collects particles at the surface and deposits them at depth i. For boxes of unit area, the box volume is ⌬x. The fraction of material moved from the sediment surface to depth in one model time step, ⌬t, is
where is the sediment porosity (cm 3 pore water cm Ϫ3 wet sediment) and is the solids density (mg particle cm Ϫ3 particle), so that (1 Ϫ ) has units mg particle cm Ϫ3 wet sediment. If only a portion of particles in the sediment are selected, the fraction of selected material moved is
where ␣ represents particle selection (fraction tracer selected/fraction tracer available). Assuming that burrows are completely filled with sediment collected at the surface, the (Fig. 1b) . These variables represent the transition probabilities, or equivalently, the fraction of tracer in each box which moves to another box in one model time step. (b) Transition matrix. Elements of the transition matrix determine the rates of movement from box to box in the model. The elements of the main diagonal represent the fraction of tracer not moving each time step.
vertical components of particle movement due to burrow construction can then be determined by mass balance:
This equation states that as sediment is deposited at depth i, burrows are created by the upward and downward displacement of an equal volume of sediment to adjacent depths. Movement of particles within the sediment column and sedimentation of particles from the water column result in the burial of sediment by advection. During burial, sediment is compacted as pore water is squeezed out. These processes are included in the advection term, a i .
where m is the number of depth strata in the model. This equation represents a mass balance. The advection rate at any point in the sediment column is due to a balance between delivery of material to that depth (from the depth above it or from other depths due to biological transport processes) and removal of sediment due to biological transport. At the sediment-water interface, the rate of sedimentation from the water column and the biological collection and deposition of material at the sediment surface determine the advection rate. The fraction of tracer remaining in a box after time ⌬t, s i , is 1-p i,ϩ , where p i,ϩ denotes the sum of the ith row of the transition matrix P. Because burial represents permanent removal from the mixed layer, the fraction of tracer remaining in the burial state after each time step is one (Fig. 1b) . The solution to the transition-matrix model given an initial tracer profile, C 0 , is C t ϭ C 0 P t , where C t represents the predicted tracer profile at time t.
b. Determination of model parameters from field data
Given data on the particle reworking rates of organisms at the study site and sediment porosity, all the other model parameters can be calculated. Particle reworking at the site was assumed to be due to deposit feeding and burrow construction by C. grandis and the passive filling of the tubes of amphipods and other tube-dwelling infauna. The feeding rate of C. grandis was calculated using Cammen's (1980) empirical ingestion rate formula based on the dry weights of individual organisms and sediment organic-matter content. Based on laboratory observations, it was assumed that C. grandis collected all particles between the sediment surface and a depth of two cm. Based on the observed distribution of feeding appendages (Fig. 2) , it was also assumed that the number of particles collected in the feeding zone decreased linearly from the surface to a depth of two centimeters.
Collected particles were then deposited uniformly along the entire length of the tube. Tube bottoms were modeled as being normally distributed with depth. The filling of amphipod and other numerous tubes found at the sediment surface was assumed to occur rapidly relative to downward transport by C. grandis. Thus, the filling of these tubes determined the initial tracer distribution (sampled one hour after bead deployment) and the initial condition of the model, C 0 . The appropriate model depth and time steps were determined by running the model with successively smaller values of ⌬x and ⌬t. The model box size, ⌬x, was set to 2 mm. The time step, ⌬t, was set to one day.
Results
a. Laboratory feeding studies
In the first laboratory study, C. grandis were observed to feed on beads within the top two centimeters of the sediment and defecate them at depth. Individuals that burrowed along the clear walls of the cores could be seen extending feeding tentacles within the sediment and onto the sediment surface and filling their tubes with defecated beads (Fig. 2) . Burrows were created as C. grandis moved forward through the sediment, pushing sediment aside with its body. After sectioning the cores, beads were observed packed within the C. grandis burrows. In the top 2 centimeters of the cores, beads were also found within and around amphipod tubes.
Bead sizes in the sediment and in C. grandis digestive tracts from the second laboratory experiment were fitted to a lognormal distribution (Fig. 3) . C. grandis (Table 1) . Figure 3 . The frequency of beads in surface sediments during the laboratory feeding experiment and the frequency found in the digestive tracts of C. grandis. Experimental data were fitted to a log-normal distribution function, f ϭ n 1 e ln͑ x/n2͒/n3 , where n 1 , n 2 , and n 3 were fitted parameters. Number of beads counted for surficial sediment plot was 746; for the digestive tract, 1233 beads were counted (from 3 worms). 
. Infaunal abundances and vertical distributions
The benthic community was dominated by a dense assemblage of amphipods that included the species Ampelisca abdita, Ampelisca vadorum, Leptocheirus pinguis, Phoxocephalus holbolli, Crassicorophium bonelli, Unicola irrorata, and Photis pollex. These amphipods were concentrated in the top 2 cm of the sediment. The weighted-mean depth of amphipods was 0.6 cm (Ϯ 0.5, 95% C. I.). The areal abundance of the amphipods in October 1997 was 40,000 m Ϫ2 (Ϯ 40,000, 95% C. I.).
Cirriformia grandis was the most abundant large deposit-feeding species at the site. Abundances were 1,400 m Ϫ2 (Ϯ 1000, 95% C. I.). Individual dry weights averaged 27 mg (Ϯ 3, 95% C. I.). Their vertical distributions were determined from the CT-scan images (Fig. 4) . The mean depth of burrows was approximately 10 cm. The number of burrows visible in the CT-scan images decreased over the depth range of 5 to 15 cm (Fig. 5) . Additional taxa at the site included oligochaetes (62,000 m Ϫ2 , Ϯ 52,000, 95% C. I.),
Polydora cornuta (1000 m Ϫ2 , Ϯ 1,000, 95% C. I.), Aricidea catherinae (5,000 m Ϫ2 , Ϯ 4,600, 95% C. I.), Lumbrineris tenuis (400 m
Ϫ2
, Ϯ 500, 95% C. I.), and several species of small bivalves (1,500 m Ϫ2 , Ϯ 2,000, 95% C. I.).
c. Bulk sediment properties
Organic carbon content increased with depth from a minimum of 2.5% at the sediment surface to 3.2% at 17 cm (Fig. 6a) . Porosity varied from 84% at the sediment surface to a minium of 74% at 10 cm. It then increased again to 81% at a depth of 20 cm (Fig. 6b) .
d. Glass-bead profiles
The initial bead distributions were concentrated in the top one cm (Fig. 7) . The weighted mean depth of the tracers was approximately the same as the weighted mean depth of amphipods, ranging from 0.75 cm for the 125-to 250-m size class to 1 cm for the 32-to 63-m size class (Table 1) . After 99 d, the beads were mixed throughout the top 20 cm of the sediment (Fig. 8 ). There is a clear indication that smaller beads were mixed more rapidly than the larger ones. Bead concentrations for the smallest size (16 to 32 m) class tended to be lowest at the sediment surface and increased with depth to at least 5 cm. Bead concentrations for the larger size classes tended to be highest near the surface. However, in cores C2 and C3 (Fig. 8 ) their concentrations decreased in the top 1 cm.
Differences in mixing rates across size classes were examined by comparing mean penetration depths for the four bead sizes. The alternative hypothesis was that the mixing rate should be highest for those beads preferentially selected by C. grandis as determined in the laboratory study (Table 1 ). The null hypothesis of equal weighted-mean depth for the four size classes of beads was rejected by Page's L test of ordered alternatives (Table 1 , L ϭ 89, p ϭ 0.001).
e. Transition-matrix model results
The transition-matrix model was used to predict the distributions of tracers at the study site. The initial condition, C 0 , was determined by the initial measured bead profile collected approximately 1 h after bead deployment. It was assumed that subsequent transport was due to deposit feeding by C. grandis. The model allowed C. grandis to collect material near the sediment surface and deposit it at depth (Fig. 9) . At depth, burrow-building activities also transported sediment. The model predicted very different profiles for hypothetical tracers that were preferred compared to those that were not favored (Fig. 10) . The predicted profiles for preferred beads possessed a subsurface maximum in concentration whereas (Table 1) for the four bead size classes corresponded reasonably well to the vertical profiles of beads averaged across all three plots (Fig. 11) . Model profiles deviated somewhat from measured profiles at the sediment surface where a reduction of bead numbers was observed in two cores, which was not predicted by the model. Also, the measured 16-32-m bead concentration at 7 cm deviated from the predicted concentrations. However, in general, the model accurately predicted the measured vertical profiles of tracers. With the exception of a few data points, model profiles matched measured profiles within the spatial variability in mixing rates at the site.
Discussion
A large number of downward mixing mechanisms have been identified, such as the passive filling of abandoned (or occupied) burrows (Aller and Aller, 1986; 466 [59, 3 Journal of Marine Research al., 1986) , hoeing of surficial material by maldanid polychaetes (Dobbs and Whitlatch, 1982; , and egestion of surficial material into tubes by surface deposit feeders (Schafer, 1972; Myers, 1977) . Passive filling of burrows has been modeled by a 'regeneration' model (Gardner et al., 1987) and a 'nonlocal exchange' model (Boudreau, 1997) in which sediment is removed at depth to create the burrows that are subsequently filled with surficial sediment. Hoeing of surficial sediment into burrows has been modeled using the transition-matrix bioturbation model (Shull, 2001) in which subsurface deposit feeders create space at the bottom of their tubes by sediment ingestion. This space is then filled with surficial sediment by hoeing. All three of these modeling approaches include both the subsurface deposition of surface sediment, and a process for creating space at depth to accommodate this material. The creation of space at depth is not explicitly included in all models of downward mixing (e.g. Smith, J. N. et al., 1986) but seems essential. The sensitivity analysis of a related model (Shull, 2001) indicated that the upward transport of sediment was as important as the downward mixing of surficial material in determining the rate of tracer burial in Narrangansett Bay. In the transitionmatrix model of mixing by C. grandis, this process was explicitly included. . Modeled rates and depths of particle mixing by C. grandis. Particle collection and deposition rates at each depth represent the sum of all deposit-feeding rates and particle movement during burrow construction. Collection rates represent the sum of particle movement in each row of the transition matrix (f i,ϩ ), whereas deposition rates represent the sum of particle movement in each column of the transition matrix (f ϩ, j ). For this plot, the model box size (⌬x) was set at 1 cm. Error bars represent the range of particle collection and deposition rates for each depth (from three replicate cores). This model allowed size-dependent mixing to be examined. Laboratory studies indicated that C. grandis preferred particles in the 16-32-m size range. This is approximately the same range of particles that Whitlatch (1980) found were most abundant relative to other particle sizes in the digestive tracts of the related cirratulid polychaetes, Tharyx acutus and Chaetozone setosa. Effects of particle selection on tracer profiles were dramatic. Both predicted and measured profiles showed a sub-surface maximum in bead concentration for preferred bead sizes and a surface maximum for less-preferred size classes. The preferred size classes of beads penetrated the sediment much farther than less-preferred size classes. The concentration of larger beads at the sediment surface is analogous to layers of coarse particles observed in the feeding zone of conveyor-belt feeders (Rhoads and Stanley, 1965) . The subsurface maximum in organic carbon at this site can also be explained by selective downward particle transport.
Size-dependent particle mixing rates have been observed previously in the field. The data of Ruddiman et al. (1980) , as re-analyzed by Wheatcroft and Jumars (1987) , indicated Table 1 . Solid circles represent average measured bead concentrations for the plots. Horizontal error bars represent one standard deviation (n ϭ 3).
that fine particles of ash were mixed more rapidly than coarser size fractions in deep-sea sediments. Wheatcroft (1992) found more rapid mixing of smaller size-classes of glass beads in the sediments of the Santa Catalina Basin. On the other hand, Whitlatch (unpublished) observed more rapid mixing of larger size classes of beads in the Panama basin. The differences between these two studies may be due to differences in mixing mechanisms occurring at the two sites (Wheatcroft, 1992) . Wheatcroft et al. (1994) also found more rapid mixing of smaller tracer particles in Massachusetts Bay. In these previous studies, the mechanism producing size-dependent mixing was not explicitly linked to the feeding mechanisms of any species inhabiting these study sites. However, the results of this study indicate that selective feeding and downward transport by the cirratulid polychaete, C. grandis caused the observed profiles in Boston Harbor. Two lines of evidence indicate that reworking by C. grandis produced the sizedependent mixing of the tracers. First, the order of preference of glass beads selected by C. grandis was the same as the relative order of mixing rates for those size classes. Second, the reasonable agreement between tracer profiles predicted by the mixing model and measured profiles indicated that downward transport by the cirratulid polychaete C. grandis was sufficient to determine the size-dependent particle-mixing rates at the study site. It is possible that the size-dependent mixing observed by Wheatcroft (1992) was due to the same process. Cirratulid polychaetes are very common in the deep sea (Jumars and Gallagher, 1983) and were one of the dominant taxa at Wheatcroft's site (Jumars, 1976; Smith, C. R., et al., 1986 , Wheatcroft, 1992 . Although some species of deep-sea cirratulids, such as the mudball-building polychaetes (e.g. Jumars, 1975; Levin and Edesa, 1997) are unlikely to transport sediment in this manner, it is possible that other species exhibit downward transport as observed in shallow-water cirratulids such as Tharyx acutus (Myers, 1977) , Cirriformia tentaculata (George, 1964a) , and C. grandis.
These findings have important implications for quantifying geochemical fluxes in sediments. Often, sediment-mixing rates are quantified by fitting a tracer profile to a biodiffusion model. Fluxes of other chemical constituents in sediments can then be calculated by applying the mixing rate to a vertical profile of the chemical species of interest. However, if downward mixing is occurring at a site, the use of a traditional diffusion model could result in flux estimates that are wrong in magnitude and in direction. For example, if a diffusion model were applied to the concentration profiles with subsurface maxima such as the predicted profile in Figure 10 (␣ ϭ 10) , or the profiles of glass beads in the 16-32-m size range (Fig 8) , or to the profile of organic carbon (Fig. 6a) , it would indicate an upward (down-gradient) flux. However, the tracer flux at the Boston Harbor site is downward. In coastal areas such as Boston Harbor, which are recovering from decades of pollution, fluxes of sediment-bound contaminants may be largely determined by the bioturbation rate (Olsen et al., 1982; Chen, 1993) . Thus, a mechanistic understanding of particle mixing is critical in order to predict the fates of contaminants and other sediment constituents in these areas.
